Purpose We investigated whether PET indices measured by 18 F-fluorodeoxyglucose (FDG) positron emission tomography/computed tomography (PET/CT) can predict prognosis in patients with operable primary breast cancer. Methods We reviewed 53 patients with operable primary breast cancer who underwent pretreatment FDG PET/CT.
Introduction
Breast cancer is the most common cancer in women, and its incidence is increasing. Prediction of prognosis is important for appropriate therapy [1] . Many factors have been indentified that affect a patient's prognosis. These include tumor size, histological tumor grade, hormone receptor status, human epidermal growth factor receptor 2 (HER2) overexpression and metastatic lymph node status [2] .
Positron emission tomography/computed tomography (PET/CT) using 2-deoxy-2-[ uptake value (SUV) represents the degree of FDG uptake, and provides information about prognosis. High SUV of the primary tumor is a good marker for the prediction of disease progression [6] . Recently, metabolic tumor volume (MTV), defined as the volume of tumor tissues with increased FDG uptake, has been investigated. Several recent studies in patients with lung, cervical, ovarian and tonsilar cancers suggest MTV to be a prognostic indicator [7] [8] [9] [10] [11] [12] . A few studies have investigated the prognostic value of SUV in breast cancer. However, there was no study that assessed disease-free survival (DFS) and overall survival (OS) using MTV as a prognostic indicator in patients with breast cancer.
Therefore, we aimed to investigate whether the SUV and MTV in primary breast tumor, metastatic lymph nodes and total tumor volume can be used as prognostic indicators of the DFS and OS in patients with operable primary breast cancer.
Materials and Methods

Patients
Fifty-three patients with operable primary breast cancer who underwent pretreatment FDG PET/CT were enrolled from January 2006 to December 2008. Exclusion criteria were male gender, previous or a concurrent contralateral breast cancer and distant metastases. All subjects were surgically treated with either a modified radical mastectomy or wide local tumor resection, with sentinel lymph node biopsy or axillary lymph node dissection, followed by postoperative radiation therapy. Of the enrolled patients, 20 patients who had a primary tumor over 2 cm in size or clinically attached axillary lymph nodes received neoadjuvant chemotherapy with three cycles of Taxene (docetaxel or paclitaxel) and Anthracycline (doxorubicin or epirubicin) before the operation. The need for adjuvant systemic therapy (chemotherapy, endocrine or target therapy) was determined by axillary lymph node status, hormone receptor status, and menopausal status. All patients visited the hospital every 6 months for 5 years, and then once per year. The local Ethics Committee approved this study and all enrolled patients gave written informed consent for the FDG PET/CT study.
Imaging Acquisitions
FDG PET/CT studies were performed using a combined PET/CT scanner (Discovery ST System; GE Medical Systems, Milwaukee, WI, USA). All patients fasted for at least 6 h prior to the intravenous administration of FDG. Their blood glucose levels were measured before the injection of FDG; if the level was over 8.3 mmol/l, the FDG PET/CT was deferred. Image acquisition for torso scanning was started at approximately 1 h after the injection of 7.4 MBq FDG per kilogram of body weight. CT images were acquired from the skull base to the upper thigh using parameters with a peak voltage of 120 kVp, a tube current automated from 10 to 130 mA, a rotation time of 0.7 s, a field of view of 50 cm, a scan length of 40-50 s, and a slice thickness of 3.75 mm. Immediately following the CT acquisition, the PET data were acquired in the same anatomical locations with 15.7 cm axial field of view acquired in twodimensional (2-D) mode with 150 s/bed position. The CT data were used for attenuation correction and the images were reconstructed using a conventional iterative ordered subsets expectation maximization (OSEM) algorithm.
Image Analysis
Image display and analysis were performed using an Advantage Workstation 4.4 (GE Medical Systems, Milwaukee, WI, USA), which provided multiplanar reformatted images. Maximum standardized uptake values (SUV max ) based on body weight and MTV were determined by the attenuation-corrected PET data using volume viewer software. Of the various methods described for determining metabolic volumes, a fixed threshold of SUV 2.5, as previously reported, was used [9, 13] . The boundaries of tumor were drawn large enough to incorporate each target lesion in the axial, coronal and sagittal FDG PET/CT images. The contour around the target lesions inside the boundaries was automatically produced, and the voxels presenting SUV intensity > 2.5 within the contouring margin were incorporated to define the tumor volumes. According to the location, P SUV was defined as the SUV max of primary breast tumor, N SUV as that of metastatic nodes and T SUV as the higher value between P SUV and N SUV . In the same manner, P MTV was defined as the MTV of primary breast tumor, N MTV as that of metastatic lymph nodes and T MTV as the total summed values of P MTV and N MTV .
Pathologic Examination
We analyzed the patients' pathological data, including histologic type of tumor, histological grade, hormone receptor status, and axillary lymph node status. Histological grade was identified by a modified Scarff-Bloon-Richardson grading system. Lymph nodes were stained with hematoxylin and eosin (H&E) and examined for tumor cell metastasis. Hormone receptor (estrogen [ER] and progesterone [PR] receptors) and HER2 status was determined by immunohistochemical (IHC) analysis using a tissue microarray. The immunohistochemical analyses used an ER antibody (1D5; DAKO, Carpinteria, USA), a PR antibody (PgR636; DAKO), and a HER2 antibody (4B5; DAKO). Hormone receptors were considered positive if expression was ≥ 10 %. The HER2 expression results by IHC analysis were scored as negative, 1+, 2+ or 3+ according to the manufacturer's recommendations. Cases with an HER2 IHC staining score of more than 2 were tested by HER2 gene amplification using the fluorescence in situ hybridization (FISH) method. Cases with an IHC staining score of 3+ were defined as HER2 positive, or in the case of an IHC staging score of 2+, FISH positive.
Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics 19.0 (SPSS, Chicago, IL). Survival time was derived from the date of FDG PET/CT scan to the date of death/recurrence or last follow-up. Cox regression analysis was used to develop the univariate and multivariate models describing the association of the independent variables with DFS and OS. Independent variables analyzed included age, tumor size, lymph node status on physical examination, surgery, neoadjuvant chemotherapy, histology, histological grade, estrogen and progesterone receptors, HER2 status, P SUV , P MTV , N SUV , N MTV , T SUV and T MTV . OS and PFS curves were produced using Kaplan-Meier methods and survival difference between groups was assessed by the log-rank test. The median value of SUVor MTV was used to define the two groups. A P value less than 0.05 was considered statistically significant. The 95 % confidence interval (CI) was determined for each index.
Results
Patient Characteristics
The patient characteristics are shown in Table 1 . The median age of the patients was 52 years (range, 32-83 years), and the median follow-up period from the time of FDG PET/CT scan for all patients was 50 months (range, 17-73 months). The size of the primary tumor was T stage 1 in 15 (28 %), T stage 2 in 30 (57 %) and T stage 3 in 8 (15 %). Axillary lymph node involvement by physical examination was observed in 26 patients (49 %). TNM classification was stage I in 5 (9 %), stage II in 15 (28 %) and stage III in 33 (62 %).
During the follow-up, the patient number of locoregional recurrences or distant metastases was 17 (33 %) and that of distant metastases with or without locoregional recurrence was 11 (21 %) . The distribution of distant metastases was five (46 %) in lung, three (27 %) in bone and three (27 %) in liver. Nine (17 %) patients died because of breast cancer during the course of this study. Five-year OS and PFS were 79 % and 65 %, respectively.
Survival Analysis
On univariate analysis, higher N SUV , N MTV and T MTV were significant predictors for poorer PFS and OS among the PET variables. Five-year DFS was significantly shorter in higher N SUV (82 % vs 48 %; P00.011, Fig. 1a) , N MTV (82 % vs 48 %; P00.011, Fig. 2a ) and T MTV (74 % vs 56 %; P00.045, Fig. 3a) . Five-year OS was also significantly shorter in higher N SUV (96 % vs 61 %; P00.035, Fig. 1b) , N MTV (96 % vs 61 %; P00.035, Fig. 2b ) and T MTV (95 % vs 63 %; P00.035, Fig. 3b ). Of the clinicopathological variables, histological grade III (P00.008), negative estrogen (P00.045) and negative progesterone receptor (P00.029) status were significant predictors for PFS, and histological grade III (P00.012) and negative estrogen receptor status (P00.009) were significant predictors for OS. However, age, tumor size, lymph node status, treatment modality, (Tables 2 and 3 ).
Relationship between PET indices and Clinicopathological indices
N SUV , N MTV and T MTV were found to be significantly associated with high histological grade (P00.005) but not with tumor size, lymph node status, histology, estrogen receptor, progesterone receptor and HER2 status (Table 4) .
Discussion
In the present study, we demonstrate that PET indices are useful in the preoperative evaluation of prognosis in patients with operable primary breast cancer, along with well-known clinicopathologic indices. Among the PET indices, high N SUV , N MTV and T MTV were able to predict poorer outcomes on univariate analysis. However, these failed to be statistically significant prognostic factors on multivariate analysis. Several studies suggested that a high SUV of primary tumor is associated with a worse prognosis in patients with breast cancer. According to Song et al. [6] , the SUV max of the primary tumor could be a useful marker to predict prognosis in patients with invasive ductal carcinoma of the breast. Other studies suggested that a high FDG uptake by breast tumor was correlated with poor prognostic factors such as histological grade and type, tumor size, invasiveness, hormonal receptor negativity and triple negativity [14] [15] [16] [17] [18] [19] [20] . This study differs from these prior investigations. The SUV max of the primary tumor as well as the SUV max of the metastatic lymph nodes were evaluated in this study. In addition, our patients' outcomes were directly assessed by clinical follow-up, not by correlation with known clinical and biological prognostic parameters. DFS and OS analyses were done during the longer follow-up. MTV, which is defined as the volume of tumor tissues with increased FDG uptake, is a recently investigated index in FDG PET. There are some studies that show MTV is a better prognostic indicator than clinical outcomes in ovarian, cervical, tonsilar and lung malignancies [7, 9, 10, 13] . However, there was no study that assessed DFS and OS using MTV as a pretreatment prognostic indicator in patients with breast cancer. Furthermore, previous investigators did not evaluate the MTV of the metastatic lymph nodes or total tumor volume; they evaluated the MTV of the primary tumor alone.
This study shows that high N SUV , N MTV and T MTV can predict significantly poorer outcomes in patients with operable primary breast cancer on univariate analysis, but P SUV , P MTV and T SUV cannot. The reason why both P SUV and P MTV are not prognostic factors of poorer outcomes may relate to the histopathological diagnosis which was made before the FDG PET/CT scan. In this study, all subjects had needle or excisional biopsies, and the mean time from the procedure to the FDG PET/CT scan was 10.9±6.3 days. Preceding procedures can affect the P SUV of the primary tumor because of their inflammatory reaction. The removal of tumor tissue can also lead to underestimation of MTV of the real primary tumor. Consequently, P SUV and P MTV failed to show the statistical significance in this study. This result for P SUV is in good agreement with a previous study [21] . In contrast to P SUV and P MTV , both N SUV and N MTV are significant prognostic factors. Many studies of breast cancer have suggested that axillary lymph node metastasis is strongly related to poor prognosis [22, 23] , even on evaluation by using FDG PET/CT scan [24] . We found that N MTV is also a prognostic factor in breast cancer as well as N SUV . In the measurement of MTV of axillary lymph nodes, we set a fixed SUV cutoff value of 2.5 in the same manner as with measurement of MTV of primary tumor. Metastatic lymph nodes were defined as the lymph nodes with SUV max ≥2.3, which was the proven threshold value in previous study [24] . Although metastatic lymph node volumes between 2.3 and 2.5 of SUV max were not included in measurement of N MTV , there was highly significant association between N SUV and N MTV (chi-square test, P<0.001). Thus, we expect that N MTV also could predict poor outcome in this study. T SUV could not predict prognosis, while T MTV could predict it well. T SUV reflects P SUV rather than N SUV , because most of the subjects had a higher P SUV than N SUV except for five cases. However, T MTV can reflect the systemic tumor burden, as it incorporates the volumes of the primary tumor and metastatic lymph nodes. Because we enrolled operable breast cancer patients without distant metastasis in this study, T MTV indicates whole-body metabolic tumor volume in this study. Recent studies showed that whole-body metabolic tumor volume is a strong prognostic factor in lung cancers [8, 12] . Similar to other studies, this study showed that high T MTV was a prognostic factor of poorer outcomes in breast cancer without distant metastasis.
However, this study failed to show any significance of PET indices for the outcome by the Cox multivariate survival analysis. The cause of such a discrepancy might be due to a small sample size and the correlation between PET indices and histologic grade. In a sub-study, exclusive of histological grade, N SUV and N MTV were significant prognostic factors for disease progression (P00.026). Further study is needed to determine the usefulness of N SUV and N MTV as prognostic factors in patients with breast cancer.
The present study had several limitations. First, a small number of patients were included retrospectively. However, we enrolled only patients with operable breast cancer to standardize treatment modalities. Second, MTV can be affected by the partial volume effect, the time between tracer injection and imaging, and plasma glucose levels; also, the methods of measurement of MTV are under controversy. Further prospective studies on the accurate measurement of MTV involving a larger number of patients will be needed to confirm the prediction of prognosis in patients with breast cancer.
In conclusion, PET indices seem to be useful in the preoperative evaluation of prognosis in patients with operable primary breast cancer. N SUV , N MTV and T MTV might be considerable factors associated with patient outcome in operable breast cancer. PET indices are expected to enable better follow-up of patients with operable breast cancer and aid in the making of appropriate treatment decisions for these patients. 
